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Abstract
In this present work, we try to build up a cosmological model using a non-canonical
scalar field within the framework of a spatially flat FRW space-time. In this context, we
have considered four different parametrizations of the equation of state parameter of the
non-canonical scalar field. Under this scenario, analytical solutions for various cosmological
parameters have been found out. It has been found that the deceleration parameter shows
a smooth transition from a positive value to some negative value which indicates that the
universe was undergoing an early deceleration followed by late time acceleration which is
essential for the structure formation of the universe. With these four parametrizations, the
future evolution of the models are also discussed. It has been found that one of the models
(Generalized Chaplygin gas model, GCG) mimics the concordance ΛCDM in the near future,
whereas two other models (CPL and JBP) diverge due to future singularity. Finally, we have
studied these theoretical models with the latest datasets from SN Ia + H(z) + BAO/CMB.
keywords: Dark energy, Non-canonical scalar, Parametrization, Data analysis
1 Introduction
Recent cosmological observations [1, 2, 3, 4, 5, 6] strongly suggest that our universe is presently
accelerating. In literature, there has been a number of theoretical models to explain the ori-
gin of this acceleration mechanism. In this context, the most accepted idea is that an exotic
component of the matter sector with large negative pressure, dubbed as “dark energy” (DE), is
responsible for this accelerated expansion of the universe. DE also makes up about 73% of the
total energy budget of the universe at present epoch. However, understanding the origin and
nature of DE is still a challenging problem in modern cosmology. A number of models have been
proposed phenomenologically as DE models, such as quintessence (canonical scalar field) [7, 8, 9],
phantom [10, 11, 12], k-essence [13, 14, 15], Chaplygin gas [16, 17, 18], f(R)-gravity models
[19, 20, 21, 22, 23] and so on. The simplest theoretical candidate of DE is the vacuum energy
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2with a constant equation of state (EoS) parameter ω = −1, but it suffers from cosmological con-
stant problem [24, 25]. The dynamical nature of dark energy also introduces a new cosmological
problem, namely, “coincidence” problem [26]. One alternative to the coincidence problem are
coupled dark energy models where DE interchanges energy with the dark matter (DM) by means
of a coupling term [27, 28, 29, 30, 31, 32]. Though a number of theoretical models have been
proposed, none of them provides a satisfactory solution to all the problems. Hence, there is still
a need of an appropriate model to explain current observations.
In the proposed models of dynamical dark energy, the EoS parameter is usually considered
to be evolving with time. In this context, a large number of parametrizations of DE equation of
state have been proposed [33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44], which could provide solu-
tions to a number of cosmological problems. However, most of these analysis have been carried
out for canonical scalar field models of DE. Recently, non-canonical scalar field models are also
being studied as a candidate for DE. In the non-canonical scalar field models, the kinetic part of
the scalar field is modified and it has been found that an accelerated expansion can be achieved
through these modifications. Originally, Armendariz-Picon et al. [45, 46] proposed this scenario
to explain inflation at high energies where the non-canonical scalar field efficiently plays the role
of inflaton (for review on this topic, see [45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59]).
Later, Chiba et al. [13] introduced this scenario for dark energy models. In our recent work [60],
we have studied an interacting non-canonical scalar field model with a constant EoS parameter
for the scalar field. The model was however restricted in the sense that a constant EoS parameter
does not provide a general framework. Motivated by the above facts, in this present work, we wish
to consider a varying EoS parameter for the non-canonical field. We consider four popular DE
parametrizations for a non-canonical scalar field model in order to explain the late-time scenario
of the universe; the parametrizations considered are Chevallier-Polarski-Linder parametrization
[42, 43], Jassal-Bagla-Padmanabhan parametrization [44], Barboza-Alcaniz parametrization [38]
and Generalized Chaplygin Gas parametrization [16, 17, 18].
The features of these various parametrizations have been discussed in details in the next sec-
tion. We have obtained the expressions for different relevant cosmological parameters, such as the
deceleration parameter, density parameters of the scalar field and matter field for each model,
and have shown that it is possible to have late time accelerated expansion of the universe for
each of these choices. We have also compared the results with standard canonical scalar field
models considering these parametrizations. Furthermore, in this paper, we have discussed about
the future evolution of the universe for these EoS parametrizations and we have found that one
of these parametrizations (GCG) behaves as standard ΛCDM in far future where as CPL and
JBP models fail to provide information about the far future and are valid till z > −1. BA model
however can provide information regarding the entire evolution history of the universe till z = −1.
Finally, we have studied the constraint on the EoS parameter using the combination of SN Ia +
H(z) + BAO/CMB dataset.
The paper is organized as follows. In section 2, we have described the basic theoretical frame-
work for the non-canonical scalar field model of a flat FRW universe. We have then solved the
governing dynamical equations for this toy model using four different types of DE parametriza-
tions of the EoS parameter. It has been found that the resulting cosmological scenarios are in
3good agreement with the current observations in each case. In section 3, we have obtained the
observational constraints on this model parameters using SN Ia + H(z) + BAO/CMB dataset.
Finally, some conclusions are presented in the last section.
2 Field equations and their solutions
The general action for a scalar field model (with 8piG = c = 1) is given by
S =
∫ √−gd4x [R
2
+ L(φ,X)
]
+ Sm (1)
where R is the Ricci scalar curvature, L(φ,X) is the Lagrangian density which is an arbitrary
function of the scalar field φ and its kinetic term X . The kinetic term X is defined as X =
1
2
∂µφ∂
µφ = 1
2
φ˙2 for a spatially homogeneous scalar field and Sm represents the action of the
background matter field.
Varying this action with respect to the metric gµν gives the Einstein field equations as
Rµν − 1
2
gµνR =
∂L
∂X
∂µφ∂νφ− gµνL+ Tmµν (2)
where Tmµν represents the energy-momentum tensor of the matter field which is modeled in the
form of an ideal perfect fluid and is defined as
Tmµν = (ρm + pm)uµuν − pmgµν (3)
where ρm is the energy density, pm is pressure of the matter field respectively and uµ is the four-
velocity of the fluid. Secondly, variation of the action with respect to the scalar field φ gives the
equation of motion for φ as
φ¨
(
∂L
∂X
+ 2X
∂2L
∂X2
)
+
(
3H
∂L
∂X
+ φ˙
∂2L
∂X∂φ
)
φ˙− ∂L
∂φ
= 0 (4)
The energy density (ρφ) and the pressure (pφ) of such a field is given by
ρφ =
(
∂L
∂X
)
2X − L, pφ = L (5)
In general, the Lagrangian density for a scalar field can be written as [61]
L(φ,X) = f(φ)F (X)− V (φ) (6)
where V (φ) is a self-interacting potential for the scalar field φ, F (X) is an arbitrary function of
X . When f(φ) = 1 and F (X) = X the Lagrangian (6) reduces to the quintessence Lagrangian.
It describes k-essence when V (φ) = 0 and phantom scalar field when f(φ) = 1 and F (X) = −X .
In case of the phantom field, the sign of its kinetic term “X” is opposite compared to the action
for a canonical scalar field.
4The Lagrangian density for a general non-canonical scalar field is given by [59]
L(φ,X) = F (X)− V (φ) (7)
These type of scalar field models with non-canonical kinetic term have received huge attention
recently. Unnikrishnan et al. [57] have showed that for such models, the slow-roll conditions can
be more easily satisfied compared to the canonical case. The non-canonical scalar field models
are also found to be able to generate inflation in the early epoch [45, 46, 47, 48, 49, 50, 51, 52,
53, 54, 55, 56, 57, 58, 59]. These attractive features of a noncanonical scalar field motivated us
to study the features of this model in the context of dark energy. In this present paper, we have
considered a Lagrangian density of the following form
L(φ,X) = X2 − V (φ), X = 1
2
φ˙2 (8)
which can be derived from the general form of Lagrangian density [57, 62, 63]
L(φ,X) = X
(
X
M4P l
)α′−1
− V (φ) (9)
for α′ = 2 and MP l =
1√
8piG
= 1.
It must be noted that the above equation reduces to the well known Lagrangian density for a
canonical scalar field model when α′ = 1. It is also worth mentioning that the Lagrangian (8)
differs from the Lagrangian of k-essence and phantom models in the sense that for phantom field
kinetic energy term itself is negative and here the potential term is non-zero. This type of La-
grangian has also been considered in our earlier work [60]. In the subsequent sections, we try to
build up an accelerating model for the universe in which the non-canonical scalar field will play
the role of dynamical dark energy. We are basically interested to study how the dynamics of the
non-canonical dark energy model gets affected by the various parametrizations of DE equation of
state parameter. The behaviour of canonical scalar field models are very well studied for different
parametrizations of DE EoS. However, the effect of these parametrizations have not been studied
for a non-canonical scalar field sector.
The energy density and pressure associated with this Lagrangian density can be obtained from
equations (5) and (8) as
ρφ =
3
4
φ˙4 + V (φ) (10)
pφ =
1
4
φ˙4 − V (φ) (11)
The metric for a homogeneous, isotropic and spatially flat FRW model of the universe is charac-
terized by the following line element
ds2 = dt2 − a2(t)[dr2 + r2dθ2 + r2sin2θdφ2] (12)
where a(t) is the scale factor, normalized so that at present a(t)|t=t0 = 1 and t is the cosmic time.
The Einstein field equations for the space-time given by equation (12) with matter in the form of
pressureless perfect fluid takes the form,
3H2 = ρm +
3
4
φ˙4 + V (φ) (13)
52H˙ + 3H2 = −1
4
φ˙4 + V (φ) (14)
ρ˙φ + 3H(ρφ + pφ) = 0 (15)
ρ˙m + 3Hρm = 0 (16)
Here an overdot indicates differentiation with respect to the cosmic time t. Among the above
four equations (equations (13)-(16)), only three are independent equations with four unknown
parameters H , ρm, φ and V (φ). So we still have freedom to choose one parameter to close the
above system of equations. For the present work, we consider various functional forms of the EoS
parameter ωφ for the scalar field.
It is well known that the parametrization of DE equation of state plays an crucial role in
understanding the nature of DE component. In general, the EoS parameter can be parametrized
as,
ωφ(z) =
pφ
ρφ
= ω0 + ω1f(z) (17)
where ω0, ω1 are real numbers and f(z) is a function of redshift z. It may be noted that the
standard flat ΛCDM model is represented by this parametrization with the choice of ω0 = −1
and ω1 = 0. In fact, many functional forms of f(z) have been considered in literature [33, 34, 35,
36, 37, 38, 39, 40, 41, 42, 43]. In this present work, we shall use four popular parametrizations of
ωφ(z) to study the behavior of the deceleration parameter q(z) of this non-canonical scalar field
model.
2.1 Chevallier-Polarski-Linder (CPL) parametrization
Among various parametrizations, the CPL parametrization (for details, see Refs.[42, 43]) is one
of the most popular ones and is given by
ωφ(z) = ω0 + ω1(1− a) = ω0 + ω1
(
z
1 + z
)
(18)
where z = 1
a
− 1 is the redshift, ω0 represents the current value of ωφ(z) and the second term
accounts for the variation of the EoS parameter with respect to redshift. In this present model,
we have considered CPL parametrization of EoS parameter because this parametrization has the
advantage of giving finite ωφ in the entire range, 0 < z <∞.
The solution for ρφ from equation (15) is obtained as
ρφ(z) = ρφ0(1 + z)
3α1e(−
3ω1z
1+z ) (19)
where, α1 = (1 + ω0 + ω1) and ρφ0 is an integrating constant. From equation (16), we have the
expression for energy density of matter as
ρm(z) = ρm0(1 + z)
3 (20)
where, ρm0 is an integrating constant. From equation (13), the Hubble expansion rate can also
be written as
H2(z) = H20
[
Ωm0(1 + z)
3 + Ωφ0(1 + z)
3α1e(−
3ω1z
1+z )
]
(21)
6Here, H0 is the Hubble parameter at the present epoch, Ωm0 =
ρm0
3H20
and Ωφ0 =
ρφ0
3H20
are the density
parameters at the present epoch of the matter and scalar field respectively.
The deceleration parameter is defined as, q = − a¨
aH2
= −(1 + H˙
H2
). For this model, q takes the
following form
q(z) =
1
2
+
3
2

 ω0 + ω1
(
z
1+z
)
1 + κ(1 + z)(3−3α1)e(
3ω1z
1+z )

 (22)
where, κ = ρm0
ρφ0
= Ωm0
Ωφ0
. q < 0 indicates accelerated phase of the universe while q > 0 indicates
a decelerated phase of expansion. From figure (1a), we see that q decreases from positive to
negative value for suitable choices of model parameters.
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Figure 1: a) Plot of q as a function of z (upper panel) and b) Plot of Ωm (dashed curve) and Ωφ
(solid curve) as a function of z (lower panel). This is for κ = Ωm0
Ωφ0
= 0.27
0.73
, ω0 = −1 and ω1 = 0.1.
Here, α1 = (1 + ω0 + ω1).
For this model, the evolution of the density parameters of the matter and scalar field are
obtained respectively as,
Ωm(z) =
1
1 + 1
κ
(1 + z)3α1−3e(−
3ω1z
1+z )
(23)
Ωφ(z) =
1
1 + κ(1 + z)3−3α1e(
3ω1z
1+z )
(24)
which further yields, Ωm(z) + Ωφ(z) = 1. Figure (1b) shows the plot of density parameters
for the scalar and the matter field as a function of z. This graph shows that Ωφ starts domi-
nating over Ωm at around z ∼ 0.4. This result is compatible with the observational results [64, 65].
However, the model presented here is restricted because ωφ(z) diverges when z → −1 i.e.,
this model cannot predict about the future evolution. So, this particular toy model is capable of
describing the evolution history of the universe from the past to the near future upto z > −1 but
can not predict about the evolution beyond that limit.
72.2 Jassal-Bagla-Padmanabhan (JBP) parametrization
Recently, Jassal et al. [44] extended the above parametrization to a more general case:
ωφ(z) = ω0 + ω1
z
(1 + z)p
(25)
For the present model, we choose p = 2. It must be noted that the EoS parameter ωφ ∼ ω0 at
both high and low redshifts for p = 2. Also, one can obtain the widely used CPL parametrization
of EoS from equation (25) for p = 1. For the JBP parametrization, using equation (15), the
expression for ρφ can be obtained as
ρφ(z) = ρφ0(1 + z)
3(1+ω0)e
(
3ω1z
2
2(1+z)2
)
(26)
where ρφ0 is an integrating constant and represents the present value of the scalar field density.
The Hubble parameter for this model takes the following form
H2(z) = H20
[
Ωm0(1 + z)
3 + Ωφ0(1 + z)
3(1+ω0)e
(
3ω1z
2
2(1+z)2
)]
(27)
In this model, we express deceleration parameter q as
q(z) =
1
2
+
3
2

 ω0 + ω1
z
(1+z)2
1 + κ(1 + z)−3ω0e
−
(
3ω1z
2
2(1+z)2
)

 (28)
The corresponding density parameters are now given by
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Figure 2: a) Plot of q as a function of z (upper panel) and b) Plot of Ωm (dashed curve) and Ωφ
(solid curve) as a function of z (lower panel). Both the plots are for κ = Ωm0
Ωφ0
= 0.27
0.73
, ω0 = −1
and ω1 = 0.1.
Ωm(z) =
1
1 + 1
κ
(1 + z)3ω0e
(
3ω1z
2
2(1+z)2
) (29)
8Ωφ(z) =
1
1 + κ(1 + z)−3ω0e
−
(
3ω1z
2
2(1+z)2
) (30)
Figure (2a) shows the plot of q(z) as a function of z. This plot clearly shows the transition of q
from the decelerating to the accelerating regime at z ∼ 0.8. The evolutions of Ωm and Ωφ against
z are shown in figure (2b). The plots are for ω0 = −1 and ω1 = 0.1. In both the graphs, the
resulting cosmological scenarios are in good agreement with observations. For the JBP model
also, ωφ(z) diverges as z → −1 and thus future evolution can not be predicted.
2.3 Barboza-Alcaniz (BA) parametrization
The next parametrization considered in this paper was proposed by Barboza et al. [38], which
has the following functional form
ωφ(z) = ω0 + ω1
z(1 + z)
1 + z2
(31)
where ωφ(z = 0) = ω0 (the present value of the EoS parameter), ω1 =
dωφ
dz
|z=0 (which measures
the variation of the EoS parameter with z), ωφ(z =∞) = ω0+ω1 and the EoS parameter reduces
to ωφ(z) = ω0 + ω1z at the low redshift (z << 1). It is remarkable that the BA parametrization
does not diverge like CPL model when z → −1.
In this model, ρφ(z) becomes
ρφ(z) = ρφ0(1 + z)
3(1+ω0)(1 + z2)
3ω1
2 (32)
Now the equation (13) can be written as
H2(z) = H20
[
Ωm0(1 + z)
3 + Ωφ0(1 + z)
3(1+ω0)(1 + z2)
3ω1
2
]
(33)
In this case, the deceleration parameter q(z) can be expressed as
q(z) =
1
2
+
3
2

 ω0 + ω1 z(1+z)1+z2
1 + κ(1 + z)−3ω0(1 + z2)−
3ω1
2

 (34)
Furthermore, one can express the density parameters of the matter and scalar field respectively
as
Ωm(z) =
1
1 + 1
κ
(1 + z)3ω0(1 + z2)
3ω1
2
(35)
Ωφ(z) =
1
1 + κ(1 + z)−3ω0(1 + z2)−
3ω1
2
(36)
Figure (3a) shows the evolution of the deceleration parameter with redshift z. It is evident from
figure (3a) that the universe is presently undergoing an accelerating phase of expansion (q < 0).
Figure (3b) shows that the density parameter Ωm increases with z, whereas Ωφ decreases with z.
This features of q(z), Ωm and Ωφ are consistent with the present day observations.
90.0 0.5 1.0 1.5 2.0 2.5 3.0
-0.6
-0.4
-0.2
0.0
0.2
0.4
z
q
0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0
0.2
0.4
0.6
0.8
z
W
m
W
Φ
Figure 3: a) Plot of q against z (upper panel) and b) Plot of Ωm (dashed curve) and Ωφ (solid
curve) against z (lower panel). Both the plots are for κ = Ωm0
Ωφ0
= 0.27
0.73
, ω0 = −1 and ω1 = 0.1.
2.4 Generalized Chaplygin Gas (GCG) parametrization
It is well known that the generalized chaplygin gas (see Refs. [16, 17, 18]) behaves like dark
matter in the past and it behaves like cosmological constant at present. Motivated by this idea,
in this paper, we are interested to describe the late-time dynamics of the universe produced by
the GCG. For this purpose, we have assumed that the universe contains both the dark matter
and the GCG. Additionally, we have also considered another interesting possibility where the
non-canonical scalar field φ plays the role of GCG to explore the late time cosmic scenarios. The
GCG equation of state is described by [16, 17, 18]
pφ = − A
ραφ
(37)
where A is a positive constant and α is another constant in the range 0 < α ≤ 1. The original
chaplygin gas corresponds to the case α = 1 [16]. By inserting equation (37) into the energy
conservation equation (15), one finds that the density of the scalar field φ evolves as
ρφ(z) =
[
A+B(1 + z)3(1+α)
] 1
(1+α) (38)
where, B is an integration constant. Equation (38) can be re-written in the following form
ρφ(z) = ρφ0
[
As + (1−As)(1 + z)3(1+α)
] 1
(1+α) (39)
where, for simplicity, we have defined As =
A
A+B
and ρφ0 = (A+B)
1
(1+α) is the present value of
the energy density of the GCG. To ensure the finite and positive value of ρφ we need −1 < α ≤ 1
and 0 ≤ As ≤ 1.
In this case, the Hubble parameter is given by
H2 = H20
[
Ωm0(1 + z)
3 + Ωφ0
(
As + (1− As)(1 + z)3(1+α)
) 1
(1+α)
]
(40)
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The corresponding expression for the EoS parameter is given by
ωφ(z) = − As
As + (1− As)(1 + z)3(1+α) (41)
Like earlier mentioned three models, the EoS parameter of the GCG also depends on two inde-
pendent model parameters (As and α) along with redshift z. At present epoch, the above EoS
parameter becomes, ωφ(z = 0) = −As. It is interesting to note that the GCG will behave like
pure cosmological constant when we put As = 1.
The deceleration parameter q can be written as
q(z) =
1
2
+
3
2

−
As
As+(1−As)(1+z)3(1+α)
1 + κ(1+z)
3
[As+(1−As)(1+z)3(1+α)]
1
(1+α)

 (42)
where κ = ρm0
ρφ0
= Ωm0
Ωφ0
.
In this case the density parameters have the following form
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Figure 4: a) Plot of q as a function of z (upper panel) and b) Plot of Ωm (dashed curve) and Ωφ
(solid curve) as a function of z (lower panel). Both the plots are for As = 0.9, α = −0.5 and
κ = 0.27
0.73
.
Ωm(z) =
1
1 +
[As+(1−As)(1+z)3(1+α)]
1
(1+α)
κ(1+z)3
(43)
Ωφ(z) =
1
1 + κ(1+z)
3
[As+(1−As)(1+z)3(1+α)]
1
(1+α)
(44)
Figure (4a) shows the evolution of q(z) vs. redshift z for As = 0.9 and α = −0.5. In fact, at low
redshift, the transition of q(z) from decelerating to accelerating regime depends upon the choice
of the parameters As and α. Also, the evolutions of Ωm and Ωφ against z are shown in figure (4b)
for the earlier mentioned same chosen values of As and α.
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2.5 Comparison between canonical and non-canonical scalar field mod-
els for the above parametrizations:
For all these models, the relevant potential for the scalar field φ in terms of redshift z can be
written as (from equations (10) and (11))
V (z) =
1
4
(1− 3ωφ(z))ρφ(z) (45)
which immediately gives
VCPL(z) = V0
(
1− 3ω0 − 3ω1z
1 + z
)
(1 + z)3α1e−
3ω1z
1+z (46)
VJBP (z) = V0
(
1− 3ω0 − 3ω1z
(1 + z)2
)
(1 + z)3(1+ω0)e
3ω1z
2
2(1+z)2 (47)
VBA(z) = V0
(
1− 3ω0 − 3ω1 z(1 + z)
1 + z2
)
(1 + z)3(1+ω0)
(
1 + z2
) 3ω1
2 (48)
VGCG(z) = V0
(
4As + (1− As)(1 + z)3(1+α)
)
×
[
As + (1−As)(1 + z)3(1+α)
]− α
(1+α) (49)
where V0 =
3Ωφ0H
2
0
4
. VCPL, VJBP , VBA and VGCG are the potential for the CPL, JBP, BA and GCG
models respectively. Here, H0 and Ωφ0 represent the present day values for the Hubble parameter
and the dark energy density parameter respectively.
Adding equations (10), (11) and replacing φ˙ = aH dφ
da
, one can obtain the general expression for
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Figure 5: This figure shows the variation of the potential V with φ for non-canonical scalar field
model by assuming ω0 = −1, ω1 = 0.1 for CPL (thick curve), JBP (dashed curve) and BA (dotted
curve) parametrizations and As = 0.9, α = −0.5 for GCG (thin curve) parametrization. All the
plots are for the parameter choices Ωφ0 = 0.73, φ0 = 0.1 and H0 = 72 kms
−1Mpc−1.
the non-canonical scalar field φ as,
φ(z) = φ0 +
∫ z
0
[(1 + ωφ(z
′))ρφ(z
′)]
1
4
(1 + z′)H(z′)
dz′ (50)
12
where φ0 is an arbitrary integration constant.
Now, we will focus on the extensively studied canonical scalar field case, in which the La-
grangian density is obtained from equation (7) as
L(φcano, X) = X − V (φ) (51)
The energy density and pressure for the scalar field (φcano) are given by
ρcano =
1
2
φ˙2cano + Vcano(φcano), pcano =
1
2
φ˙2cano − Vcano(φcano) (52)
where, Vcano is the potential of the canonical scalar field. The EoS parameter ωcano =
pcano
ρcano
is a
dynamical variable which gives the continuity equation (15) in an integrated form
ρcano = ρ0exp
[
3
∫ z
0
1 + ω′cano(z
′)
1 + z′
dz′
]
(53)
where ρ0 is an integration constant. The Friedmann equation then becomes
H2cano(z) = H
2
0 [Ωm0(1 + z)
3 + (1− Ωm0)exp
(
3
∫ z
0
1 + ω′cano(z
′)
1 + z′
dz′
)
] (54)
In this case, the expressions for Vcano and φcano can be written as
Vcano(z) =
1
2
(1− ωcano(z))ρcano(z) (55)
and
φcano(z) = φ0 +
∫ z
0
[(1 + ωcano(z
′))ρcano(z
′)]
1
2
(1 + z′)Hcano(z′)
dz′ (56)
In the previous subsection, we have discussed various parametrizations of the EoS parameter for
the non-canonical scalar field. Now, we will consider these parametrizations for canonical scalar
field models to compare their behavior with the non-canonical scalar field models. It deserves
mention that one obtains the same expressions of ρcano(z) and Hcano(z) for both canonical and
non-canonical scalar field models. But, the expressions for potential associated with the scalar
field φ will be different for canonical and non-canonical scalar field models (see equations (45),
(50), (55) and (56)).
The expressions for the potential V (z) and φ(z) are very complicated and it is very difficult to
express V in terms of φ. So, we have solved equations (50) and (56) numerically and have plotted
V as a function of φ (see Figures 5 and 6). In figure 6, for each panel, the dashed curve shows the
evolution of the potential Vcano(φcano) for each parametrization whereas the solid lines represents
the evolution for corresponding non-canonical case. It has been found that for canonical case, the
slope of the potential is quite flat and φcano is almost constant (φ˙
2
cano << Vcano) throughout the
evolution, which yields ρcano ≈ Vcano = constant, however, the case is different for a non-canonical
scalar field model. Figure 6 also shows for each panel, that for non-canonical case, the trajectory
of the potential V (φ) changes very slowly at early epoch, but it starts increasing with φ in such
way that the potential term dominates over the non-canonical kinetic term (φ˙4) at late times
independent of initial conditions and thus provides acceleration. So, the non-canonical scalar
field exhibits an interesting property of the potential, which can provide a possible solution to
the coincidence problem. This new feature occurs due to the non-canonical kinetic term present
in the Lagrangian (8).
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Figure 6: This figure shows the variation of the potential V with φ by assuming ω0 = −1, ω1 = 0.1
for CPL, JBP and BA parametrizations and As = 0.9, α = −0.5 for GCG parametrization. The
dashed curve represents the trajectory of the potentials for the canonical scalar field, as shown in
each panel. All the plots are for the parameter choices Ωφ0 = 0.73, Ωm0 = 0.27, φ0 = 0.1 and
H0 = 72 kms
−1Mpc−1.
3 Observational Constraints on ωφ(z)
In this section, we shall fit these four parametrized theoretical models with recent observational
datasets, namely Type Ia Supernovae (SN Ia), measurements of Hubble parameter (H(z)), bary-
onic acoustic oscillations (BAO) and cosmic microwave background (CMB) observations. Al-
though the procedure for calculation of individual χ2 function is quite well-known, we briefly
mention the same for completeness.
The total χ2 for joint data analysis is defined as
χ2total = χ
2
SN + χ
2
H + χ
2
BAO/CMB (57)
where the individual χ2 for each dataset is evaluated as follows.
First, we have used the latest observational dataset of SN Ia [66] of 580 data points. In order
to calculate χ2SN for SN Ia data we follow the procedure described in Refs. [67, 68, 69, 70]. For
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SN Ia dataset, the χ2 function is constructed as
χ2SN = A−
B2
C
(58)
where A, B and C are defined as follows
A =
580∑
i=1
[µobs(zi)− µth(zi)]2
σ2i
, (59)
B =
580∑
i=1
[µobs(zi)− µth(zi)]
σ2i
, (60)
and
C =
580∑
i=1
1
σ2i
(61)
where µobs, µth represent the observed and theoretical distance modulus respectively and σi rep-
resent the uncertainty in the distance modulus.
Next, we have used the 29 data points of H(z) [71, 72, 73, 74, 75, 76, 77, 78, 79] in the redshift
range 0.07 ≤ z ≤ 2.34. These values are presented in table (1). To complete the dataset, we fixed
the value of H0 from [80]. For this dataset, the χ
2 function is defined as
χ2H =
29∑
i=1
[hobs(zi)− hth(zi)]2
σ2H(zi)
(62)
where h = H(z)
H0
is the normalized Hubble parameter and σH is the error associated with each data
point. In above equation subscript “obs” refers to observational quantities and subscript “th”
refers to the corresponding theoretical ones.
We have also used BAO [81, 82, 83] and CMB [84] measurements dataset to obtain the
BAO/CMB constraints on the model parameters. In order to calculate χ2BAO/CMB function, we
follow the procedure described in Ref. [85]. We use the measurement of “acoustic scale” lA
provided by CMB, which is defined as
lA = pi
dA(z∗)
rs(z∗)
(63)
where dA(z∗) =
∫ z∗
0
dz′
H(z′)
, is the comoving angular diameter distance, rs(z∗) is the comoving sound
horizon at the photon-decoupling epoch and z∗ ≈ 1091 is the decoupling time. In this work, we
have used lA = 302.44 ± 0.80 [84]. For this analysis, we have used six data points from 6dFGS
[81], SDSS LRG [82] and WiggelZ [83] surveys. Following Ref. [85] and combining these results
with [84], we obtained the BAO/CMB constraints on the model parameters (see table 2).
The χ2 for the BAO/CMB data is given by
χ2BAO/CMB = X
TC−1X (64)
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where, X (transformation matrix) and C−1 (inverse covariance matrix) which are formed using
different functional form of dA(z∗)
Dv(zBAO)
. For details refer to Goistri et al. [85].
The CPL, JBP and BA model have three free parameters, namely, Ωm0 (or Ωφ0 = 1−Ωm0), ω0
and ω1. In this case, the confidence region ellipses in the ω0−ω1 parameter space can be drawn by
fixing Ωm0 to some constant value. So, we have done χ
2 analysis by fixing Ωm0 (the present value
of the density parameter of the matter field) to 0.26, 0.27 and 0.28 for those dataset. Hence, we
can now deal with only two free parameters (ω0, ω1) and will obtain the observational bounds on
this parameter from χ2 analysis of the combined dataset (SNIa + H(z) + BAO/CMB). With this
we have plotted 1σ (68.3%) and 2σ (95.4%) confidence contours on ω0 − ω1 parameter space for
various DE parametrizations. Similarly, the GCG model has three free parameters, namely, Ωm0,
As and α. In this case, we have plotted 1σ and 2σ confidence contours on As − Ωm0 parameter
space by considering α = −0.5. The best-fit values of the parameters are obtained by minimizing
χ2. In figure (7) and (8), the large dots represent the best fit values of the model parameters
and the small dots represent the chosen values of these parameters in our analytical models (as
mentioned in previous section). In our analytical models, we have chosen ω0 = −1, ω1 = 0.1 (for
CPL, JBP and BA model) and As = 0.9, Ωm0 = 0.27 (for GCG model) as we are interested to
study and understand the effect of individual DE parametrizations for some fixed values of model
parameters. For this combined datasets, the chosen values of ω0 and ω1 (As and α) are found to
be well within the 1σ confidence contour. The observational bound on these model parameters
as well as their best fit values are presented in table 3 & 4. For each model, we notice from table
3 & 4 that the best fit value of the present EoS parameter is very close to −1 which is consistent
with the recent observations [87, 88]. The standard flat ΛCDM model (ω0 = −1 and ω1 = 0)
corresponds to the intersection point of the dashed lines as plotted in figure (7), and it is evident
from the figures that the ΛCDM model is always inside the 1σ confidence contour for all these
parameterizations.
In figure (9), we have shown the behavior of the EoS parameter ωφ(z) =
1
4
φ˙4−V (φ)
3
4
φ˙4+V (φ)
, for four
different parametrizations using the best fit values of the model parameters (as listed in Table 3
& 4) for this dataset. It may be noted that the forms of EoS parameter (or potential) are different
for different models. But, ωφ(z) ≈ −1 at present epoch (z = 0 or a = 1) for CPL, JBP & BA
parametrization model, whereas for GCG model, ωφ(z) is around −0.9 at present but approach
−1 value as evident from figure (9). Consequently, this feature suggests that φ˙4 << V (φ) i.e.,
the potential term dominates over the non-canonical kinetic term to accelerate the cosmic expan-
sion at present. It is also evident from figure (9) that the non-canonical scalar field behaves like
phantom dark energy (ωφ < −1, [10, 11, 12]) at present epoch for CPL, JBP and BA models.
However, it deserves mention again that these plots of ωφ(z) are for the best-fit values of the
model parameters and the results may change for the combination of other datasets. In this
context, we would like to mention that the hypothetical phantom models meet several difficulties
such as classical and quantum instabilities due to its negative kinetic energy and momentum as
studied in refs. [89, 90, 91, 92]. In spite of that the recent observational data allow the possibility
of the phantom EoS in the near past or in the near future [44, 93, 94, 95, 96, 97]. So, from
observational viewpoint, the phantom field one of the possible candidates for dark energy and
can not be ruled out completely. Interestingly, it has been found that for the BA model, the EoS
parameter does not deviate much from −1 in future (upto z = −1) and provides information
regarding the complete evolution history of the universe but for CPL & JBP models however, the
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Table 1: H(z) measurements (in unit [km s−1 Mpc−1]) in the redshift range 0.07 ≤ z ≤ 2.34 and
their errors.
z H(z) σH Reference
0.07 69 19.6 Zhang et al. [71]
0.1 69 12 Simon et al. [72]
0.12 68.6 26.2 Zhang et al. [71]
0.17 83 8 Simon et al. [72]
0.179 75 4 Moresco et al. [73]
0.199 75 5 Moresco et al. [73]
0.2 72.9 29.6 Zhang et al. [71]
0.27 77 14 Simon et al. [72]
0.28 88.8 36.6 Zhang et al. [71]
0.35 82.7 8.4 Chuang et al. [74]
0.352 83 14 Moresco et al. [73]
0.4 95 17 Simon et al. [72]
0.44 82.6 7.8 Blake et al. [75]
0.48 97 62 Stern et al. [76]
0.57 92.9 7.8 Samushia et al. [77]
0.593 104 13 Moresco et al. [73]
0.6 87.9 6.1 Blake et al. [75]
0.68 92 8 Moresco et al. [73]
0.73 97.3 7 Blake et al. [75]
0.781 105 12 Moresco et al. [73]
0.875 125 17 Moresco et al. [73]
0.88 90 40 Stern et al. [76]
0.9 117 23 Simon et al. [72]
1.037 154 20 Moresco et al. [73]
1.3 168 17 Simon et al. [72]
1.43 177 18 Simon et al. [72]
1.53 140 14 Simon et al. [72]
1.75 202 40 Simon et al. [72]
2.34 222 7 Delubac et al. [78], Ding et al. [79]
Table 2: Values of dA(z∗)
DV (zBAO)
for different values of zBAO. Here, DV =
[
d2A(z)
z
H(z)
] 1
3 is the dilation
scale [86].
zBAO
dA(z∗)
DV (zBAO)
Reference
0.106 30.95 ± 1.46 Beutler et al. [81]
0.2 17.55 ± 0.60 Percival et al. [82]
0.35 10.11 ± 0.37 Percival et al. [82]
0.44 8.44 ± 0.67 Blake et al. [83]
0.6 6.69 ± 0.33 Blake et al. [83]
0.73 5.45 ± 0.31 Blake et al. [83]
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Table 3: Best fit values of ω0, ω1 and the minimum values of χ
2 corresponding to the joint analysis
of SN Ia + H(z) + BAO/CMB dataset with different choices of Ωm0.
Name Ωm0 ω0 ω1 Constraints on ω0 and ω1 χ
2
min
(within 1σ confidence level)
CPL model 0.26 -1.07165 0.424314 -1.228≤ ω0 ≤ -0.9161, 579.536
-0.3951≤ ω1 ≤ 1.23
0.27 -1.04934 0.132091 -1.22< ω0 ≤ -0.8766, 578.705
-0.7968≤ ω1 ≤ 1.062
0.28 -1.02831 0.103564 -1.199≤ ω0 ≤ -0.8572, 588.908
-0.8023≤ ω1 ≤ 0.9991
JBP model 0.26 -1.07798 0.6 -1.301≤ ω0 ≤ -0.8525, 579.667
-1.064≤ ω1 ≤ 2.248
0.27 -1.06072 0.261937 -1.293≤ ω0 ≤ -0.825, 578.692
-1.518≤ ω1 ≤ 2.003
0.28 -1.05974 0.024530 -1.292≤ ω0 ≤ -0.8242, 578.224
-1.789≤ ω1 ≤ 1.737
BA model 0.26 -1.05344 0.202546 -1.182≤ ω0 ≤ -0.9232 579.612
-0.2033≤ ω1 ≤ 0.6094
0.27 -1.04272 0.059557 -1.182≤ ω0 ≤ -0.9043, 578.712
-0.4118≤ ω1 ≤ 0.5235
0.28 -1.06739 0.018632 -1.213≤ ω0 ≤ -0.9202, 578.276
-0.4808≤ ω1 ≤ 0.515
Table 4: Best fit values of As, Ωm0 and the minimum values of χ
2 corresponding to the joint
analysis of SN Ia + H(z) + BAO/CMB dataset with different values of α. Note that ωφ(z = 0) =
−As is the present day value of the EoS parameter for the GCG model.
α As Ωm0 Constraints on As and Ωm0 χ
2
min
(within 1σ confidence level)
-0.5 0.9 0.240784 0.8979≤ As ≤ 0.9462, 585.915
0.20≤ Ωm0 ≤0.3396
-0.55 0.9 0.243458 0.8976≤ As ≤ 0.9467, 586.196
0.20≤ Ωm0 ≤0.3432
-0.6 0.9 0.245692 0.8997≤ As ≤ 0.9446, 586.344
0.20≤ Ωm0 ≤0.3459
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Figure 7: Plot of 1σ and 2σ confidence contours on ω0 − ω1 parameter space for the CPL
parametrization (top panel), JBP parametrization (middle panel) and BA parametrization (bot-
tom panel) respectively. In this graph, χ2min indicates the minimum value of χ
2 corresponding to
the best fit values of ω0 and ω1 for the SN Ia + H(z) + BAO/CMB dataset, as indicated in the
frames. The fixed value of Ωm0 is also indicated in the frame.
analysis is valid upto z > −1. The GCG behaves like dark energy (ωφ = −0.9 > −1) at late time
and its equation of state also settles to a value close to −1 in the far future. So, like the GCG
model, the BA model will also avoid the finite-time future singularity [98, 99, 100, 101, 102, 103].
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Figure 8: Plot of 1σ and 2σ confidence contours on As − Ωm0 parameter space for the GCG
parametrization. In this graph, χ2min indicates the minimum value of χ
2 corresponding to the best
fit values of As and Ωm0 for the combined dataset (SN Ia + H(z) + BAO/CMB), as indicated in
the frame. This is for α = −0.5.
It has also been noticed for the CPL and JBP models that the EoS parameter diverges in the
finite future (z ∼ −1) as expected from theoretical expressions of ωφ(z) for these models.
In the limit, a(= 1
1+z
) → ∞, we have ρφ(a) → ∞ and pφ(a) → ∞ for CPL as well as JBP
models. This implies that the universe (according to the CPL and JBP models) will end up
in Big Rip singularity [?], where the phantom energy density becomes very large in finite time
and overcomes the gravitational repulsion. Despite this future divergency problem (at z ∼ −1),
the CPL & JBP parametrizations have several advantages such as, they can probe the past
evolutionary history of the universe, have a bounded and well behaved behavior for high redshifts,
projects a simple two parameter (ω0, ω1)-phase space with a good physical interpretation of ω0
and ω1, etc. In addition to the simplicity, this kind of parametrizations (CPL & JBP) also have
the advantage of giving finite ωφ in the entire range −1 < z <∞. Furthermore, we would like to
mention here that the two-parameter models, adopted in this paper, provides a simple choice to
obtain constraints from observational data.
4 Conclusion
It is well known that the late-time accelerating expansion of the universe can be described by a
scalar field. For this reason, in this present work, we have discussed about four different types of
non-canonical scalar field models with varying dark energy EoS for understanding the observed
cosmic expansion. As a time-dependent EoS plays an important role for understanding the na-
ture of DE, so we have considered four phenomenological parametrizations of dark energy EoS.
The dynamical features of each models are analyzed, such as the evolutions of the deceleration
parameter q(z) and the density parameters (Ωφ and Ωm). The resulting cosmological behavior is
found to be very interesting.
For all the toy models, it has been found that the deceleration parameter q(z) indicates an
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Figure 9: The top and middle panel represents the plot of the EoS parameter ωφ vs. redshift using
the best fit values of (ω0, ω1) and Ωm0 = 0.27 (see Table 3). The bottom panel corresponds to the
evolution of ωφ for the GCG model. This plot is for the best fit values of As and different values
of α (see Table 4); α = −0.5 (thick curve), α = −0.55 (dashed curve) and α = −0.6 (thin curve).
The intersection point of the dotted line indicates ωφ = −1 at z = 0, the ΛCDM case.
early deceleration followed by a late time acceleration of the universe (see figures 1a, 2a, 3a, 4a).
We have also shown the evolution of density parameters and it is found that the results are in
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good agreement with recent observations [64, 65].
We have also compared our theoretical models with the observational data coming out of
the latest SN Ia, Hubble parameter, BAO and CMB measurements. For this purpose, we have
written the Hubble parameter H(z) in terms of observable parameters (z, H0 & Ωm0) and the
corresponding model parameters for each DE parametrizations. We have obtained the best fit
values of the parameters ω0 and ω1 by fixing the value of Ωm0 to 0.26, 0.27 and 0.28 (shown in
Table 3). It may be important to mention here that the values of parameters of the model which
were chosen for analytical results are well fitted in the 1σ and 2σ confidence contours for each
parametrizations. We have found that the ωφ = −1 crossing feature is also allowed by the SNIa
+ H(z) + BAO/CMB dataset for the CPL, JBP and BA models with its present best-fit EoS
parameter, ω0 < −1 (as presented in Table 3). This is consistent with the results obtained by
several authors [44, 93, 94, 95, 96, 97]. On the other hand, we have also found that the standard
ΛCDM model is still compatible at the 1σ confidence level for these toy models. It should be
noted that the GCG model has been studied by many authors for the parameter range, 0 ≤ α ≤ 1
[17, 18]. However, in this work, we have obtained the best fit values of the parameter As and
Ωm0 by fixing the value of other parameter α within the range, −1 < α < 0 (shown in Table 4),
as α < 0, is in good agreement with the work of Sen and Scherrer [104], Gong et al. [105] and
Hazra et al. [41]. It has also been noticed from table 4 that the range of the allowed values of
Ωm0 match well with the previous results obtained by Riess et al. [106] and Sahni et al. [107].
However, as discussed in the previous section, the CPL and JBP models lose their prediction
capability regarding the future evolution of the universe. We have also shown that it is very
difficult to distinguish the GCG model from a ΛCDM in the near future and hence we need more
investigations to constrain dark energy models more tightly. Obviously, we can not yet say which
model is better as compared to other models by the analysis of the combined dataset (SN Ia +
H(z) + BAO/CMB). We hope that the next generation observational data can provide more tight
constraints on EoS parameter to enrich our understanding regarding the nature of dark energy.
5 Acknowledgements
One of the authors (AAM) acknowledges UGC, Govt. of India for financial support through
Maulana Azad National Fellowship. SD wishes to thank IUCAA, Pune for warm hospitality
where part of this work has been carried out. The authors are also thankful to the anonymous
referee whose valuable comments have helped in improving the quality of this paper.
References
[1] Riess et al., Astron. J. 116, 1009 (1998).
[2] Perlmutter et al., Astrophys. J., 517, 565 (1999).
[3] S. Bridle, O. Lahav, J. P. Ostriker and P. J. Steinhardt, Science 299, 1532 (2003);
[4] G. Hinshaw et al., Astrophys. J. Suppl. 148, 135 (2003).
22
[5] A. Kogut et al., Astrophys. J. Suppl. 148, 161 (2003).
[6] D. N. Spergel et al., Astrophys. J. Suppl. 148, 175 (2003).
[7] S. Tsujikawa, Class. Quantum Grav.,30, 214003 (2013) [arXiv:gr- qc/1304.1961];
[8] V. Sahni and A. A. Starobinsky, Int. J. Mod. Phys., D 15, 2105 (2006) [arXiv:astro-
ph/0610026];
[9] K. Bamba et al., Astrophys. Space Sci., 342, 155 (2012).
[10] R. R. Caldwell, Phys. Letts. B 545, 23 (2002).
[11] S. M. Carroll, M. Hoffman, M. Trodden, Phys. Rev. D 68, 023509 (2003).
[12] S. Nojiri, S. D. Odintsov, Phys. Rev. D 72, 023003 (2005).
[13] Chiba et al., Phys. Rev. D 62, 023511 (2000).
[14] C. Armendariz-Picon et al., Phys. Rev. D 63, 103510 (2001).
[15] C. Armendariz-Picon et al., Phys. Rev. Lett. 85, 4438 (2000).
[16] A.Kamenshchik ,U.Moschella and V.Pasquier ,Phys.Lett.B 511, 265 (2001).
[17] M.C.Bento, O.Bertolami and A.A.Sen ,Phys.Rev.D 66 043507 (2002).
[18] Bento et al., Phys. Rev. D 67, 063003 (2003); arXiv:astro-ph/0210468
[19] S. Nojiri and S. D. Odintsov, Phys. Rev. D 68, 123512 (2003);
[20] D. N. Vollick, Phys. Rev. D 68, 063510 (2003);
[21] S. M. Carroll et al., Phys. Rev. D 70, 043528 (2004);
[22] S. Carloni et al., Class. Quant. Grav., 22, 48395 (2005) [gr-qc/0410046];
[23] S. Nojiri and S. D. Odintsov, Phys. Rept. 505, 59 (2011);
[24] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989);
[25] S. M. Carroll, Living Rev. Relativity 4, 1 (2001);
[26] P. J. Steinhardt et al., Phys. Rev. Lett., 59, 123504 (1999).
[27] W. Zimdahl, arXiv:1204.5892;
[28] W. Zimdahl et al., astro-ph/0404122;
[29] W. Zimdahl and D. Pavon, Gen. Rel. Grav. 36, 1483 (2004); [gr-qc/0311067]
[30] S. del Campo, R. Herrera, D. Pavon, JCAP 020, 0901 (2009);
[31] G. Olivares et al., Phys. Rev. D 71, 063523 (2005);
23
[32] G. Olivares et al., Phys. Rev. D 77, 063513 (2008);
[33] D. Huterer and M. S. Turner, Phys. Rev. D 60, 081301 (1999).
[34] G. Efstathiou, Mon. Not. R. Astron. Soc. 342, 810 (2000).
[35] J. Weller and A. J. Albrecht, Phys. Rev. D 65, 103512 (2002).
[36] B. A. Bassett et al., Astrophys. J. 617, L1 (2004).
[37] Jing-Zhe Ma et al., Phys. Lett. B 699, 233 (2011); [arXiv: 1102.2671 [astro-ph.CO]]
[38] E. M. Barboza and J. S. Alcaniz, Phys. Lett. B 666, 415 (2008).
[39] V. B. Johri, astro-ph/0409161.
[40] J. Magana et al., JCAP 017, 1410 (2014); [arXiv: 1407.1632 [astro-ph.CO]]
[41] D. K. Hazra et al., Phys. Rev. D 91, 083005 (2015); [arXiv: 1310.6161 [astro-ph.CO]]
[42] M. Chevallier and D. Polarski, Int. J. Mod. Phys. D 10, 213 (2001).
[43] E. V. Linder, Phys. Rev. Lett. 90, 091301 (2003).
[44] H. K. Jassal, J. S. Bagla and T. Padmanabhan, Mon. Not. Roy. Astron. Soc. 356, L11 (2005).
[45] C. Armendariz-Picon, T. Damour and V. Mukhanov, Phys. Lett. B 458, 209 (1999);
[46] J. Garriga and V. F. Mukhanov, Phys. Lett. B 458, 219 (1999);
[47] T. Chiba, T. Okabe and M. Yamaguchi, Phys. Rev. D 62, 023511 (2000);
[48] R. J. Scherrer, Phys. Rev. Lett. 93, 011301 (2004);
[49] D. Bertacca, S. Matarrese and M. Pietroni, Mod. Phys. Lett. A 22, 2893 (2007);
[50] M. Fairbairn and M. H. G. Tytgat, Phys. Lett. B 546, 1 (2002);
[51] D. A. Steer and F. Vernizzi, Phys. Rev. D 70, 043527, (2004);
[52] L. P. Chimento, Phys. Rev. D 69, 123517 (2004);
[53] S. Campo, R. Herrera and A. Toloza, Phys. Rev. D 79, 083507 (2009);
[54] G. Panotopoulos, Phys. Rev. D 76, 127302 (2007);
[55] N. Bose and A. S. Majumdar, Phys. Rev. D 80, 103508 (2009);
[56] J. De-Santiago and J. L. Cervantes-Cota, Phys. Rev. D 83, 063502 (2011);
[57] S. Unnikrishnan et al., JCAP 1208 (2012) 018 [arXiv: 1205.0786 [astro-ph.CO]]
[58] T. Golanbari et al., phys. Rev. D 89, 103529 (2014); [arXiv:1405.6359 [astro-ph.CO]]
24
[59] W. Fang et al., Class. Quant. Grav. 24,3799 (2007).
[60] S. Das and A. Al Mamon, Astrophys. Space Sci., 355, 371 (2015) [arXiv: 1407.1666 [gr-qc]];
[61] A. Melchiorri et al.,Phys. Rev. D 68, 043509 (2003);
[62] S. Unnikrishnan et al., Phys. Rev. D 78,063007 (2008);
[63] V. Mukhanov et al., JCAP 0602, 004 (2006).
[64] A.G. Riess, Astrophys. J. 560, 49 (2001).
[65] M.S. Turner and A.G. Riess, Astrophys. J. 569, 18 (2002).
[66] Suzuki et al., Astrophy. J. 746, 85 (2012) [arXiv:1105.3470 [astro-ph.CO]];
[67] S. Nesseris and L. Perivolaropoulos, Physical Review D 72, 123519 (2005).
[68] R. Lazkoz, S. Nesseris, L. Perivolaropoulos, JCAP, 0511, 010 (2005).
[69] D. Rapetti et al., MNRAS 375, 1510 (2007); [arXiv:astro-ph/0605683]
[70] D. Coe, arXiv:0906.4123 [astro-ph.IM];
[71] C. Zhang et al., Res. in Astron. and Astrophys., 14, 1221 (2014); [arXiv: 1207.4541]
[72] J. Simon et al., Phys. Rev. D 71, 123001 (2005).
[73] M. Moresco et al., J. Cosmol. Astropart. Phys. 08, 006 (2012).
[74] C. H. Chuang and Y. Wang, MNRAS, 435, 255 (2013);
[75] C. Blake et al., MNRAS 425, 405 (2012);
[76] D. Stern et al., J. Cosmol. Astropart. Phys. 02, 008 (2010).
[77] L. Samushia et al., MNRAS 429, 1514 (2013);
[78] Delubac et al., A&A, 574, A59 (2015);
[79] X. Ding et al., ApJ 803, L22 (2015) arXiv: 1503.04923 [astro-ph.CO]
[80] A. G. Riess et al., ApJ, 699, 539 (2009);
[81] F. Beutler et al., Mon. Not. R. Astron. Soc. 416, 3017 (2011);
[82] W. J. Percival et al., Mon. Not. R. Astron. Soc. 401, 2148 (2010);
[83] C. Blake et al., Mon. Not. R. Astron. Soc. 418, 1707 (2011);
[84] N. Jarosik et al., Astrophys. J. Suppl. 192, 14 (2011);
[85] R. Goistri et al., JCAP, 03, 027 (2012);
25
[86] D. J. Eisenstein, Astrophys. J. 633, 560 (2005);
[87] W. M. Wood-Vasey et al., Astrophys. J. 666, 694 (2007);
[88] T. M. Davis et al., Astrophys. J. 666, 716 (2007);
[89] M. P. Dabrowski, arXiv: 1411.2827 [gr-qc]
[90] F. Sbisa, Eur. J. Phys. 36, 015009 (2015); [arXiv: 1406.4550]
[91] S. M. Carroll et al., Phys. Rev. D 68, 023509 (2003).
[92] J. M. Cline et al., Phys. Rev. D 70, 043543 (2004).
[93] S. Nesseris, L. Perivolaropoulos, JCAP 0701, 018 (2007).
[94] T. Roy Choudhury and T. Padmanabhan, Astron. Astrophys. 429, 807 (2005); [arXiv: astro-
ph/0311622]
[95] U. Alam, V. Sahni, T. D. Saini, and A. A. Starobinsky, Mon. Not. R. Astron. Soc. 354, 275
(2004);
[96] U. Alam, V. Sahni and A. A. Starobinsky, JCAP 06, 008 (2004);
[97] B. Feng, X. L. Wang and X. M. Zhang, Phys. Lett. B 607 35 (2005); [astro-ph/0404224]
[98] R. R. Caldwell et al., Phys. Rev. Lett. 91, 071301 (2003).
[99] A. Starobinsky, Grav. and Cosmol. 6, 157 (2000);
[100] S. Nojiri, S. D. Odintsov and S. Tsujikawa, Phys. Rev. D 71, 063004 (2005).
[101] J. D. Barrow, Class. Quant. Grav., 21, L79-L82 (2004).
[102] J. D. Barrow, Class. Quant. Grav.,21, 5619-5622 (2004).
[103] M. Sami et al., Mod. Phys. Lett. A 19, 1509 (2004); [arXiv:gr-qc/0312009]
[104] A. A. Sen and R. J. Scherrer, Phys. Rev. D, 72, 063511 (2005).
[105] Y. Gong, JCAP 03, 007 (2005);
[106] A. G. Riess et al., Astrophys. J. 607, 665 (2004); [Astro-ph/0402512]
[107] V. Sahni et al., Int. J. Mod. Phys. D, 9, 373 (2000);
